were obtained from the same set of data. As anticipated in the discussion above, even symmetry is experimentally observed around two angles, in this case I$' = 0" and $' = 180". Therefore, the orientation $' = 0" must correspond to either $ = 0" or = 180°, as shown in Fig. 2 , but which of these cannot be determined by the present experiments. Likewise, $' = 90" corresponds to either @ = 90" or @ = 270". From symmetry arguments, the transmission, T, at I$' = 90" and $' = 270" should be the same and this is observed experimentally to a close approximation. Obviously, the diffraction from the core into the cladding modes, as illustrated by the transmission magnitude, T, is sensitive to the axial rotational orientation of the fibre. The strong axial rotational orientation dependence observed in curved C02-laser-induced LPFGs provides an important additional degree of freedom for tailoring the transmission characteristics of wavelength filters, tuners, and attenuators. This degree of freedom is not present in symmetric gratings, such as UV-induced gratings. By proper choice of the axial rotation angle $' , desired characteristics such as wavelength tuning at constant attenuation and variable attenuation at a constant wavelength can be achieved. The development of such in-fibre devices may be anticipated to have a significant impact in future fibre optic coniniunication networks. Ranian amplification has been shown to be an effective means of Compensating for the loss of dispersion compensating units [1, 21. However, it is attractive to incorporate the dispersion compensation along with loss compensation in a transmission fibre span, i.e. to produce a dispersion compensation module with an extra net gain of -10dB or 20dB for a 40km or 80km span, respectively. Using Raman gain this can be achieved over a bandwidth in excess of 1OOnm. The benefit of the dispersion-compensating fibre is that it has a small core and hence an enhanced Raman gain efficiency. However, due to a high germanium concentration and a small effective area it has a high Rayleigh scattering coefficient and usually a high loss and interconnect loss in splicing to the transmission fibre as well. This results in serious limitation on the amplifier gain imposed by the double-Rayleigh scattering (DRS) noise [3, 41 and an increase in the signal-spontaneous noise figure.
Aclcnowledgment
The DRS noise degrades the optical signal-to-noise ratio (OSNR), increasing the receiver sensitivity penalty, and may eventually result in a noise floor. In this Letter we demonstrate a design for a high-gain and broadband Raman amplifier achieving a low spontaneous noise figure and low DRS noise. The amplifier configuration is shown in Fig. I . It comprises two stages, and it is pumped by two cascaded-Ramzn lasers at 1420nm and 1455 nm simultaneously to increase the gain-bandwidth. The pump/signal multiplexing is achieved using broadband circulators in a counter-propagating pumping scheme. The first stage consists of 4.4km of optimised low-Rayleigh scattering fibre. The second stage is 7.5 km length of dispersion-compensating fibre (DCF) from Lucent Technologies (Denmark). The DCF main parameters are O.SdB/km loss, 5 . 2~ modefield diameter and -93.5ps/nm/km dispersion at 1550nm. The second stage is pumped by multiplexing of the residual pump from the first stage and some of the power which was split from the pump source. A variable attenuator was used to balance the ratio between the two pump wavelengths and to equalise the gain spectrum. The ratio between the pump power at 1420nm and 1455nm was approximately 2:1 in the first stage and the total launched pump power into this stage was -2W. Several considerations have been taken into account. The first stage makes the major contribution to the net gain. It is kept short and has a lower germanium content than the DK fibre in order to minimise the DRS noise. The gain of the second stage was kept low because of the high Rayleigh scatter coefficient of the DCF. The total launched pump power into this stage was much less than the first stage (-0.5w) with a similar ratio between the power at the two pump wavelengths. It was found that for -8km of the DCF, a net peak gain of up to -7dB (including coupling loss) is allowed, keeping the optical signal-to-doubleRayleigh scatter noise ratio higher than 40dB. For a low signalspontaneous noise figure, the first stage was made of a low-loss fibre with a minimum splicing loss to the input circulator. This is one reason why the DCF is not used as the first stage.
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In conclusion, we have demonstrated a high-gain dispersioncompensation module incorporating broadband Raman amplification. Using an optimised configuration, the noise contribution due to DRS is minimised such as to introduce negligible receiver sensitivity penalty, so making the module applicable for transmission spans with multiple repeaters, although gain equalisation has to be implemented to use the entire 60 nm bandwidth. A optical signal-to-DRS-noise ratio stage 1 Fig. 2 shows the measured gain, signal-spontaneous noise figure and OSNR of the amplifier over the operational bandwidth from 1510 to 1565nm. The optical signal-to-DRS noise ratio was measured using the time domain extinction method described in [5] . The contributions from each stage are illustrated in Fig. 3 . While the major gain contribution comes from the first stage, the contributions to the DRS noise are almost equal for the two stages. It is also noticeable that the noise figure is determined by the first stage. The overall performance of the amplifier demonstrates a noise figure of less than 6dB over the entire bandwidth. The net gain is -20dB and the total dispersion of the amplifier is -7OOpsi nm, making this gain module suitable for compensation of dispersion and loss in a 40km span of standard telecommunication fibre with a considerable gain margin. In fact, the compensation of a 80km span can be achieved by adding a second Raman pumped dispersion compensating stage at the amplifier output. The gain of the DCF stage in the current configuration would then be shared equally between these two stages, hence ensuring minimal noise degradation. Raman fibre lasers and their applications as a pump source for distributed Raman amplifiers are currently experiencing renewed interest as a result of recent developments in 40Gbitis WDM systems. In Raman amplifiers pumped by multi-wavelength laser sources, the gain profile is described approximately by a linear superposition of each gain induced by an individual pump [l]. Multi-wavelength pumping, therefore, can considerably extend the gain region of the amplifiers. Multi-wavelength pump lasers have been realised through multiplexing of laser diodes [2] or fibre lasers [3] . These techniques, however, need several pump lasers and low loss pump combiners, which make the laser system complicated and expensive. In this Letter, we report experimental demonstration of dualwavelength lasing from a cascaded Raman fibre laser, which delivers simultaneous lasing at 1480 and 1500nm under 1313nm pumping. The wavelength and intensity tunability of this device make it highly attractive, especially for active gain control of a Raman amplifier.
A schematic diagram of the laser setup is shown in Fig. 1 . The cascaded Raman fibre laser has a ring cavity composed of a Raman fibre, a WDM coupler, and linear cavities formed by two pairs of wavelength-matched Bragg gratings. As an active Raman medium, lOOm of DCF fibre with a high concentration of germanium was used. The presence of germanium in the core resulted in a relatively high value of h, and enabled the core diameter to be
